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Optical Switch 



The development of optical fiber switching components is vital to the continued growth of our global 
s;f™t1on%vstems Sinsle-stage matrix switches operating independently of the optical bit-rate and 
n oSon fo^ " capaMeXconf-gnrah interconnecting N optical inputs to M optical outputs 
^where N ^d M are generally, but noi necessarily ilie same number), aic pa^ u.ulany anracmc Mar^ 
onJe met^ds for achieving the required switching are limited in ftmctional size to less than 16x16, 
ai^or suffer from relatively poor noise performance. One method which provides good noise 
rerfom^ce anris potentially more scalable than other optical switch technologies is to use 
reconSable hologrLs as elements for deflecting optical beams ii. free-space between arrays of 
optS inTuts and optical outputs. A holographic optical switch of this fonn is shown m figure 1. 

1. figure 1 an array of optical sources (1) and an array of optical receivers (7) are arranged as the 
JnS and o« of 3 holographic switch. For many applications, the sources and receivers may 
Z orise clervTo^ enc-poiisLd fibre., in other appiicatior.s, the input, may be light emmmg sources 
f 1 cle^vec ^ r , phoio-detectors. Each input (1) may transmit a amerent 

LlTor oS to one (or possibly several) of the outputs (7). Tlius 

u? ?N dS^ent ^^^^^^^ be simultaneously passing through the switch at any mstant. Each mpu 
SL^consS^Sa sSe-wavelength modulated by data; a number of different data sources operatog ^ 
diffeS^ waveleng&s (eg. a wavelength-multiplexed system); or a conmuum of wavdengtte 
JlS Z ^Itch is shown in cross-section in figure 1, the input & output arrays (1)(7) are typically 
2-dimeSsional arrays, and the holographic switch comprises a 3-dimensional volume. 

To achieve switching, the input array (1) is arranged behind a lens array (2). Each optical sigrial 
Emitted by the toput £Wy enters free-space, where it is collimated by one of the lenses m ens array (2). 
S collimrteTbeam then passes tiirough a hologram device (3). The device (3) displays a 
^lograph^pSte^^ of phase and/or intensity and/or birefringence which has been desipied to produce 
ksSc deflection of the optical propagation directions of the beams mcident upon Ae device. The 
hoTo™ pattern may also be designed such that each optical beam expenences a differen angle of 
SefleS. -Se device (3) may also have the effect of splitting an individual be^ mto several differen 
aSes o "diSction orders. One application for utilising this power splitting effect is to route an input 
port to more than one output port. 

The deflected optical signals propagate in free-space across an interconnect region (4) until they reach 
a second hologram device (5). The hologram pattern at (5) is designed in such a way to reverse the 
LflecdonsrtToduced at plane (3) so that the emerging signal beams are parallel with the system optic 
axis again. 

•me optical signals then pass through lens array (6) where each lens focuses its «^ °P^=,^' ^J^^^^ 

into the output ports of receiver array (7). Thus the hologram pattern displayed on device (3) and the 
associated "mverse" hologram pattern displayed on device (5) determme which output fibre or fibres 
(7) receive optical data from which input fibre or fibres (1). The interconnect region (4) allows the 
signal beams to spatially reorder in a manner determined by the specific hologram patterns displayed 
- on devices (3)(5 ). The switch also operates reversibly such that outputs (7) may transmit optical signals 
back to the inputs ( 1 ). - 

The system shown in figure 1 (and functionally equivalent configurations utilising planes of symmeto' 
within the switch optics) is well known as a method for static optical shuffle, whereby devices (3)(5) 
are fixed hologram recordings and whereby the input signals are "hard-wired" to specific oul^uts. An 
extension of this optical shuffle provides a reconfigurable switch by means of displaymg hologram 
patterns on a spatial light modulator. There are, however, some practical design problems associated 
with the migration from a stetic optical shuffle to a reconfigurable switch. In particular: 
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4) 



5) 



chosen. •n>ish«l»8n™ «.m«b. c.j^ofrMW )^ P ^^^^ This i. not a 

whilst taping the '"»n'°^'"'^Ti^S^Linds depends 

SSTX'S: ^.tiSSn'trX^-sed to p„Lt highe, order di««ion heents 
being launched down the wrong channel. 

^e „»in„„n .n..„. denee,i„„ - - --'1^ 'TX^nr'— .l^SI?, 
less than can be achieved by a f.xea angu^ deflection, and therefore a 

SLen hologran. P'ane^(3)(5)^ de^m-ed by h ---^^-|^ ^ ^p.^,,, 3huffle. Because 

^o7^:s>prrroi=^ff^^^^ 

this optical path-length. 

The di»».io„ efficiency ^-f-^'^'l^ST^l^X^ P-^^S^^""^ 
proportion of the shortfall exhibited » an "^l "7,7, these ondeflected signals 

irso-sisrs.gL'^'rnpT.ji^^ws-^ 

A convenientntethod «f.ons^«'"^re»pr,gnb.eb^^ 

no longer appropriate. 

technique of polarization insen^^v.^^^^^^^ 
crystal is known, l^e maximum theoret cal f^^f^'^^^^^ ,,duce crosstalk restrictions it « 
Swever, in order to minun.se •"^^^^^"J^^^^^^^^^ on the SLM. 
desirable to that continuous phase patterns can be aispiayc 

. . .1 ir^ 1 «i above are eased or eliminated by the 
,„ one aspect of the invention, the ^^^^^^^f^^^^ 'J, hlgraphic beam steering devices in. ^ 
■adoption of a new scalable ^^'^^^ desS^ algorlhrt. Phase only hojograms are . 
.which the hologram patterns are chosen "I'^^^J^^^^, dLctty calculated from.the coordinates of 
defined by a pixellated base-cell P;"^ . J^J^^^V^s construct^ using a rapid phase-quantisation 
the main replay spot for *\tTn1ement?dTsiTg e^^^ micro-optics (as illustrated in figure 1) or 

phase. 

we address some of th. pra^^-' ^^^X^^^^^ ^^.S^s 
optical routing switch. A bulk °P^.'" '"^P^^^^^J"^^^^^ invention Further enhancements are 

are disclosed which specify the ^P^'J!' ^"'J^XT interconnect region and ease 

then disclosed in order to reduce Je P^y^'^j' '^"8^^ of one additional lens, which 

switch packaging issues. These ^^ancements nvo^^^^^^ zero-orders. A 

.ay also be -nven^^y f ^^^^^^^^ layer of fe Joelectric liqmd- 

L^^SirnS^CiS-^Ss^ii^^^^^^^^^ 

we also describe in detail the operation -ove,^^^^^^^^^^^^ 

switch and an array of optical smks or rece.ve,^(9 *^ JJ^^^ that have been cleaved 
figure 1 m the case of fibre-to-fibre switchmg: arrays (1)(9) may contain 
or end polished at an angle to reduce back reflections; may be anti- 
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reflection coated; or may consist of a waveguiding device to adapt the optical signals to the correct 
posSns andTac^ Alternatively, some construction for producing 2-d.mens.onal fibre arrays may 
be used. 

PollowmginputOX^e^^^ 

rS'i^tan'c" ?om '^in^^aS^ S-h L the'signal beams are collimated in different 

Lo , iar di^c^ons. Fonowin. lens (2), the collimated signals propagate ,n free-space fen-out region (3) 
towids lens 4? The s.gna s propagaung .n leg.on (3) are angularly d.sperscc^ oy .en. m such . 
rnnt thTtTe collimated beams a^e completely spatially separated by the tune they reach (4). The 
Son of ens (4) relative to lens (2) is chosen such that the beams pass across mtercomiect region (5) 
Slelto one another. Typically this condition is met by locating the principal surface of lens (4) a 
dSSice7,+/raway from II principal surface of lens.(2). where/, is thejocal length of (4). An array of 
Sedi^o^Sn typically formed in the front focal plane of lens (4). somewhere withm region (5). 

loric ffi^ r*»rnllimates the sienals and feeds them into fan-in region 

Tdlon wie"^ Ti^put sources (1) and output receivers (9) have the same optical n"™«"^l^P««"^^ 

Ss (6) T this case, a focal Jlane will exist exactly midway bet>.een.lenses (4) and (6), 

The switch is now constructed by arranging the reconfigurable hologram devices (10) and (1 1) about 
Sercrnnec reg°^^ as shown in figufe 3^ Devices (10)&(1 1) should typically be located as close as 
poSbrto Les (4)&(6) but may be placed on eifter side of these lenses respectively. 

Devices (10) and (11) display various patterns of phase and/or intensity and/or birefringence which 
have been designed to deflect the optical propagation directions of the beams incident upon he 
Sevfces At^y instant, the hologram pattern displayed at (11) must be designed to reverse the 
Sect ons in^oduced at device (10). Thus the deflections introduced by die holograms cause the input 
to be re-ordered and routed to the outputs in a manner according to the hologr^ pattern 
Saved AS the hologram patterns are changed, so is the routing of the switch. Accordmg to this 
emSenfof Ae invention, Val switching is achieved without Ae need for lens array components. 

Desien equations for constructing an NxN switch are now discussed for the situation ^heretfie optical 
si'nal beams have Gaussian TEMoo pronies. A Gaussian beam is the usua. optical profile emitted by 
Srs and deaved single-mode fibres. As a paraxial Gaussian propagates in free-space between lenses, 
ItTradtal dimension changes but its profile remains Gaussian according to the foUowmg well-known 
propagation rule: 



(1) 



where is the Gaussian waist dimension (minimum beam radius) arbio^ily located at Z=0. 
w is the transverse beam radius at location ZJ2, 
2/1 is the propagation distance from the waist, 
% is the central optical wavelength of the optical signal beams. 

For applications where the optical switch system described above (and shown in figures 2 and 3) is 
designed symmetrically, then each signal beam will form a Gaussian waist of diaineter 2w exactly 
midway between hologram devices (10)&(11) at the centre of interconnect region (5) as shown m 
figure 4. For an interconnect distance z between holograms, the beams at planes (10)&(11) will have 
Gaussian diameters of 2w given by equation (1). In addition, if the distances between lens (4) and 
hologram (10). and between lens (6) and hologram (11) are negligible, then/4 and/e should both be 
chosen to be equal to z/2. 
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Typically it is desirable make the inter-spacing. Ah, of the optical signals at planes (10)&(1 1) as small 
as possible to shorten the interconnect length. However, it is also desirable to increase this same 
dimension to reduce crosstalk between adjacent signals. Figure 5 is a plot of the expected noise 
isolation between any 2 adjacent optical paths given aberration-free optics. Parameter y is defined as: 

A system design limit of y > 3 is often acceptable, giving rise to about 39dB of noise isolation between 

adjacepii signal path.s oi benor. Accordinr to thir invention, there is an optimum (minimum) value for 
Ah for a given value of y found by equating the first deriaiive of equation (i) to zero: 



(3) 



In addition, if the hologram devices are pixellated then there exists a maximum useful angle of 
diffraction, ^, that can be introduced by these devices. This angle ultimately determines the minimum 
interconnect length, z, that sustains correct operation of the switch: 

z«A . (4) 

where d is the hologram pixellation pitch, 

A is the total used hologram aperture. 

In the general case, devices (10)(1 1) may introduce angular diffraction about just one, or both, axes of 
rotation and the hologram pixellation pitch may differ between the x and y axial directions. 

Equations (2) through (4) lead to a design criteria in terms of the required interconnect length versus 
the number of inputs & outputs that can be supported. For the case where there are N inputs and N 
outputs arranged on regular 2-dimensional square-grids, the paraxial solution is: 




Thus a 32x32 switch constructed using holograms with 20^m feature size, operating at a central 
wavelength of I,55|im, and with y=3, requires the hologram devices (10)(1 1) to be spaced apart by at 
least 95mm. The insertion loss of the switch then increases gradually as the injected wavelength 
deviates from the design wavelength. 

Equation (5) is the minimum optical path-length design for a holographic optical switch. A full design 
cycle for the switch must however also incorporate a procedure for determining an appropriate set of 
hologram patterns. This hologram set must typically be at least capable of routing any input to any 
output according to the capabilities of the hologram devices used, whilst also maintaining various 
switch performance targets such as the noise isolation between all optical paths and the insertion loss 
variability as the switch is reconfigured. Under these constraints, the hologram set may not utilise the 
full range of deflection angles that are available from the hologram devices. In addition, spatial 
arrangements of the input and output ports other than 1:1 aspect ratio square-packed grids may be 
better optimised for some applications. Hence it may not be possible to achieve the minimum optical 
path-length design. For these embodiments, equation (5) should be modified to: 



where C represents a scale parameter to account for the properties of the chosen hologram set. C must 
typically be determined by iterative design of the relative input and output port locations. 

Each input port of the switch illuminates a unique sub-aperture region of device (10) and each output 
port collects light from a unique sub-aperture region of device (11). Each sub-aperture must then 
contain a minimum number of hologram pixels in order to achieve the correct switching functionality 
Equation (7) represents the minimum number of hologram pixels that must be present per sub-aperture 
per axis of diffraction. 

Minimum number of hologram pixels _ Ah _ Cy^ 

per port per axis of diffraction ~ ~ ^'^ 

d 71 
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Alample of known data points for high-performance switch designs («40dB no^e isolation, <ldB loss 
variabiHty) based on square-packed input/output arrays and utilising b.nary-phase holognur, devices 
rh1^^ f?ioeIeciic-liquid-c.^stal spatial-light-modulators (FLC-SLMs). ts tabulated below (Table 1): 



Switch 
Functional Size 


Spatial Arrangement of 
Input & Output Ports 


C 


Minimum Number of Pixels 1 
per Hologram Device 1 


9x9 
32x32 


3 >■ j 
3x3 
3x11 


2^ 
24 
60 


207 y 1 
207 X 207 
516 X 1891 



Table 1 - Requirements for switch layout. 

The maximum angular deflection that can be generated by a reconf.gurable hologram is typically less 
Sln^S be achieved by a fixed hologram recording and a switch typically therefore requires a 
SiveTv ion' free-space optical path-length between hologram devices Accordmg to ftirt^er 

switch are reduced by incorporating a fifth lens into the system:- 

, A = i»nc Pi..n,ent (\Ti with negative optical power is placed as a field lens in the centre of 

mSfrnect r S^n 5^ replaced by lenses (13)(14) respectively with shorter focal 

Ea"h offte^^^^^^^^ may consist in practice of a single bulk element or equivalent compound 
component with optical power such that: 

where /13 is the focal length of lens (13), 
/l4 is the focal length of lens (14). 

The addition of lens (12) must compensate for the shorter focal lengths of (13)&(14). For die common 
STe when/?3 equals/M, operation of the switch will be maintained when element (12) satisfies: 

f (9) 

2/,-2/,3 

where fn is the focal length of lens (12), 

is the focal length of the lens being replaced. 

An alterative configuration is shown in figure 7. where a lens element (15) P^^iJ'rf °P*'^^' P°^^^^ 
is placed as a unity-conjugate relay lens in the centre of interconnect region (5). and lenses (4X6) are 
replaced by lenses (16)(17) respectively with shorter focal lengths. Each of these lenses may consist m 
practice of a single bulk element or equivalent compound component with optical power such that: 

(4/,s+/,6+/n)<(/.+/6) (>0> 

where /15 is the focal length of lens (15), 
/16 is the focal length of lens (16), 
/i7 is the focal length of lens (17). 

In this second configuration the spatial ordering of the output ports must be mirror-revereed about both 
the X and y axes in order to remain functionally identical to the original switch design. The addition of 
lens (15) must compensate for the shorter focal lengths of (16)&(17). For the common case when/,6 
equals/,7. operation of the switch will be maintained when element (15) satisfies: 
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(11) 



2/4-2/; 
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^ng the same 32x32 switch example as earlier, the optial path-length between hologram devices 
(10)(11) can now be reduced as follows. According to figure 6, if/,3 =/m = 18mm then the central 
concave element should be designed with a focal length of 5.5mm, and the interconnect length would 
be reduced from 95mm to 36mm. Alternatively according to figure 7, if/i6 =/i7 = 18mm then the 
central convex element should be designed with a focal length of 5.5mm, and the interconnect length 
would be reduced from 95mm to 58mm. Although slightly longer, the latter configuration has the 
advantage that optical aberrations are often easier to control in a positive relay element than in a 
negative field element. 

The diffraction efficiency of a reconfigurable hologram is typically less than iOO% due 10 impen'eci 
optical modulation and/or due to spatial deadspace within the hologram pattern. Some proportion of the 
efficiency shortfall is often exhibited as an undeflected "zero-order" signal passing straight through 
both hologram devices (10)(11). Without fiirther enhancement to the switch, these zero-order signals 
can lead to the generation of unwanted crosstalk signals in the output ports and therefore corruption of 
the proper switch fiinction. 

According to a ftirther embodiment of the invention, the switch configuration is altered so that the zero- 
order sicnals pas? safely out of the optical aperture of the system. This enhancement is most simply 
achieved by ofisenine iht input and outpui ana>^ oppositr sides cf th^ rysien; optic axis (IF) 

whilst all other components remain symmetrically on-axis as shown in figure 8. Tnus accordmg to 
figure 8, the optic axis (18) of the system passes through the centre of all lens elements in the switch, 
but the 'input array (1) is offset completely to one side of this axis, and the output array (9) is 
completely offset to the opposite side. In addition, it is apparent that the optimum aspect ratio for the 
input and output arrays, given the same maximum diffraction angle capability of the hologram devices, 
is now 1 :2 rather than a square array because of the system asymmetry. This change in aspect ratio will 
typically be reflected in slightly higher design values of parameter C (see equation 6). 

With the embodiment of figure 8 however, the optical system is required to operate in an off-axis 
manner which may lead to the introduction of performance- limiting optical aberrations. A 
configuration which is fiinctionally identical but which allows the optical system to operate in a near- 
paraxial manner is to adopt the configuration shown in figure 9. According to this embodiment of the 
invention, the input and output arrays and all lens components remain symmetrically on-axis except the 
central field or relay lens element (12) or (15) which is laterally offset by a small amount. 

According to figure 9, the switch is designed such that if a point (19) located on the optic axis in the 
plane of the input array emits an optical signal then it may be interconnected to a point (20) located on 
the optic axis in the plane of the output array by deflecting an optical beam through an angle +v at 
device (10) and through an angle -\\} at device (11). Angle v|/ is a parameter determined by the switch 
designer in order 10 avoid zero-order crosstalk problems. Points (19) and (20) are t>'pically located in 
the geometric centres of the input and output array regions respectively. The required lateral offset, a, 
of the central lens element, as shown in figure 9, is then: 

a = (2^+^)xM/ ('2) 
if the central element is a negative lens as per figure 6, or: 

if the central element is a positive lens as per figure 7. In both cases v|/ is measured in radians about the 
axis orthogonal to the direction of displacement of the central lens. 

Devices such as multiple-quantum-well modulator arrays, accousto-optic and electro-optic cells and 
liquid-crystal modulators are all potentially suitable devices for displaying reconfigurable holograms. 
Hologram devices (10)&(1 1) may in actuality be a single hologram display, two individual hologram 
displays, or a multiplicity of displays. Ferroelectric liquid-crystal (FLC) displays are particularly well 
suited to holographic switches because they may be configured as phase holograms in a polarisation 
insensitive way. Polarisation insensitivity is particularly important for fibre-to-fibre switches where it is 
relatively difficult to control the polarisation states entering the switch. A thin layer of an FLC material 
may also be conveniently integrated above a semiconducting device as a spatial light 




6 



4 



, /CI ^/,^ In thU ra<:e circuitry on the silicon chip acts as both addressable electrodes for 
.t;°V?he 1 ou^d ci^staHn^^^ for reflecting the incident light. Holographic switches 

TnslTed wfth rLcS-an b? reconfigured relatively quickly, but are intrinsically limited to 
binary phase states and may therefore exhibit high insertion losses. 

Polarisation modulation of light using nematic "<l-<^:7/-XSxel^^ 

switching applications. These systems us^ euher a^^^^^^^^ P ^^^^ 

by a ^'alf-waveplate^ or use a^ n^^^^^ continuously-variable phase modulation 

rerieciint muro,. .-aku '^'^^ '^^•,^[/^P;'' following secuon. two coni.gu.ations ioi producing l 

devices. 

:rt".n7rSas" d.ci^ »d possible c„nf,su™.io„s ^ presented. 

a. Analogue Phase Modulation 

nemaic liquid c^OTl of m,t«m al gnment <«8"" (h„„eve, on to the plate 

the interval [0, 7i/2]. 

aiftna the 7-direction with different velocities, which are determined 
r,hTSr ;Xl,uS 'S^^^^ " f'*^ ,0 Tlte cotnpon^t of the 

Hr^e4s-sS;^i^lSa!S£^« 

Sefn rS^t'^IuToTSK-LlLTn'ttS^^^^^ .=«.c.ive' i»dex n is given by «,e Ions 
axis of the indicatrix ellipse and therefore the following equation exists: 

1 cosHg) , sinHe) (14) 



Since 0<e<7r/2. it follows that n, <n(e)<n.. The relative phase delay between the two 
components is then given by the equation: 

A<t) = kodAn ('5) 

in equation (15). d is the thickness of the LC cell, ko the wavenumber of the field in the free space and 
An = n(e) - n Since An is a function of the voltage across the cell, equation ( 1 5) shows that the 
applied voltage can continuously control the phase difference between the two components across the 
cell. 

b. Polarisation Insensitive Phase Modulation 

We can mathematically represent unpolarized light in terms of two arbitrary, incoherent orthogonal, 
iTneSy pXsed waves (i.e. waves f^r which the relative phase difference is not constant m time). We 
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(16) 
(17) 



.ou.d be a.e.o modulate SUCH ..Hnfwec^^^^^^^^ 

However. The configuration .n figure 10, allows jus^^^^^^^ H ^ ^^^^.^^ 

properly Phase-odulated s,^^^^^^^^ Tldulated then' would be a double pass 

configuration ^at^o^W.^^^^.^^*' wS^ reflectWe mode of operation). In between the two passes a 
configuration as the one in figure 1 1 (for [^"f''^^^^ J ^^^^ 9O0. The combination of a 
suitable rotator is introduced, wh.ch rota es ^^/^^^f^ and a mirror acts as a 90- 

quarter-wave plate (with an optical ax.s f alternating orthogonal polarisation 

?ota,or. Each of ^^l^ ---P^ Lin tc.llv th^ sa.e ..cnt of ph.e 

::::;:::^s;::^i::^ experience both reactive mdlces (n(e) and .). in 

particular: 

of Jones matrices. In order to do system assuming that the light 

■ rS'lVln InTiSUMit S'rrtT— /e^niv-en, s^^m b, the shown 

in figure 12. 

Note that ,»o on^r-wave piates »d two "^If " ^^"t^^^C^ 

the light in order to describe mathemafcally *e ""'l^ °y^^^l„^^a»as."^'k' 

j^r^nSn<rrSe?ce":a"=g«cL,^ 

Z well Therefore we can write for the M in the xyz system: 



M = 



. I- v"^/"v rpcnectivelv can be written as (x* and 
The quarter-wave plates 1 and 2 in the systems x'y z and x y z, respectively. 

X" are the fast axes of the plates 1 and 2 respectively): 




"ej" 0 ' 




'1 0' 


(18) 


0 ej". 




0 -1. 





Q'i = 



.71 

.^1 



(inthex'y'z) 



(19) 



Q2 = 



.71 

0 

0 1 



(20) 



We need to express these two arrays in 
which can be written as follows: 



(inthex"y"z) 
the xyz system. This can be done using the rotational array R, 



R = 



cosv|; sin\|/1 
-sinvj/ cos\|/J 



Where: 



V|/ = 45° 

Then the quarter-wave plates can be expressed in the xyz system as: 



(21) 
(22) 
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Qi = R'^QIR 



(23) 
(24) 



Q2=RQbR 

With we note the transverse array of R. 

Finally, the expressions for the two NLC cells, in the xyz system, will be identical (due to the uniaxial 

symmetry oi ihe liquid crystal) and will be given by ilie eqiiaiion: 

"eXkond) 



N, =N2 = 



0 

0 ej(konod) 



(25) 



Note that the combination of the quarter-wave plate and the mirror acts as a 90» rotator of the two 
orthogonal components of light. Indeed, if we take the representation matrices for these two 

' comppnenty (including both passes) we have: 



A = Q2MQi =RQ"2R^MR'^Q'iR 
By substitution of the equations (18X22) we get: 



A = 



0 1' 

1 0 



(26) 



(27) 



which delivers the rotational functionality that we need, since: 

and 



T 




'o' 




•A = 




0_ 






'0' 




T 




•A = 




1 




0 



(28) 



We can now calculate the representation array for the whole system including the LC cell. This will be 
given by the equation: 



S = NiQ,MQ2N2 
Combining equations (25) and (26) it follows then that: 



(29) 



S = 



0 e-''*®''^"'^""^ 
gjkod(no+n) q 



(30) 



Using equation (30) we can now calculate the effect of the system on an incoming wave of random 
polarisation. According to what we said in the beginning of this paragraph, unpolarized light, could be 
represented by the matrix: 



IN = 



1 



eJr(t) 



(31) 



In (3 1) r(t) is an unknown function of time. The outgoing field then will be given by the equation: 
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Hence, both components of the output light have the same phase (in agreement with equation (16) and 
(17)) and therefore polarisation insensitive phase modulation is feasible. 

We can easilv extend the above idea for a large array of modulating elements. A plane wavefront of 
irnyolarize"d~iight~whTch~ norm ally impinges on lo sucli an array of pixeb, eacl: cf wliich i: 
characterised by a specific value of tilt angle (by the application of different voltages across it), can be 
spatially phase modulated. Therefore unpolarised light could give the same refraction pattern that we 
would normally take using polarised light, and in that sense a two-dimensional, free space, polarisation 
insensitive, holographic switch using NLC-SLMs is feasible. 

The thickness of the liquid crystal pixels has to be chosen such that a continuous shift from phase = 0 
to phase = n is possible. Since the tilt angle G takes values in the interval [0 n/2], the modulation phase 
• .will be: 

kod(no +no)+r(t)< phase <kod(ne +no)-rri^x} 

or 

0 < phase < kod(ne -n^) (33) 



For a 7i-phase shift we need: 



or 



kod(ne -no) = 7t 



d = 



2An 



(34) 



In equation (33), Xq is the wavelength of operation in the free space and An the birefringence of the 
nematic liquid crystal. An estimation of the thickness needed for a 7i-shift can be done for a "standard" 
nematic liquid crystal such as the El. Using Wu's formula we can calculate the birefringence of E7 for 
the telecommunications wavelength window (1,55 |im): 

An =0.196 (35) 

This y/ill give for the thickness of the cell: 

d = 3.95pm (36) 



The next step is to see the specific device configurations that will allow for the principle of figure 12 to 
be implemented. It would be of great advantage in terms of compactness and robustness to incorporate 
all the elements into a single arrangement. A first possible solution can be seen in figure 13. 

The quarter wave plate can be deposited on the pixel array by spin-coating a proper reactive monomer, 
which can be polymerised by exposure to ultraviolet light. In the cell of figure 13, the Al pad acts as a 
mirror and also provides the necessary voltage drop across the cell for the liquid crystal to switch. 

A second approach is shown in figure 14. The pixel array is integrated on a silicon-1.5|im-transparent 
backplane device. The quarter wave-plate is positioned in between the front Al mirror and the ITO 
electrode. Its thickness can be easily adjusted by spin-coating techniques so that it functions as a half- 
wave plate at ?l=1.55 (im.. In applications where the holographic switch is used as a reconfigurable 
routing device for telecommunication links the wavelength window of operation is quite narrowed 
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_.!und 1.55 nm, so not significant losses are introduced to the system due to wavelength dispersion 
and no need for an achromatic wave-plate exists. 

Spatial light modulators, such the ones depicted in figure 14, have been already designed and fabricated 
with n our research group. The pixels have been constructed usmg the polys.l.con layer of a 
convemional 2pm CMOS process. The driving circuitry allows for four different voltage levels and 
Z-eSL a four-level pha^e modulation is feasible. Figure 15 shows an overview of the silicon 
backplane layout. 

Finally in order to increase the liquid crystal response, a twisted nematic LC mixture in a 7i-cell 
crrgiirition could be used instead. In such cell the director of the nematic liquid crystal twis^ along 
r Sess of the cell through an angle equal to n. In this way fiow of material witiim the cell during 
s^StS process is minimised and the response increases. Given that the ^'ckness of the cell is 
iairenough so that the field can be actually wave-guided through it, the same prmciple of figure 1 1 
applies and die cell can give fast, polarisation insensitive switchmg. 

Tn «n additional embodiment, a holographic optical switch is formed using reflective hologram devices 
f x^I r t NLC SLMs. as shown in figure 16. Note that beam-splitters are 

nSsTt on?ontrolled, or otherwise introduce 3dB optical loss per pass. Such constraints are typically 
SnStableTm^^ optical switching applications. Figure 16 therefore demonstrates a system 
without the use of beam-splitters. 

In figure 16 the usual arrays of inputs (1) and outputs (1 1) are arranged at the ends of die switch 
optS l^e input signal bea^s are collimated by a lens (2) as before, and focused back mto the ou^u 
pSs b^a lens (10) as before. The two hologram devices (5)&(8) are arranged about an -nterconnec 
Son comprising two lenses (4)&{7) as before, and an additional relay or fie d ens (6) is added ^ 
Sred S to die reflective nature of the hologram devices however the optical signal beams must 
now pis ti^ice dirough lenses (4) and (7) in opposite directions. The inward atid outward passes 
Zug^diS lenses must also be spatially or angularly separated and die optical em theref^^^^ 
mkes die basic form of a squashed or upright 'Z' respectively. In addmon, lenses (3) and 9) have been 
Sded to L switch in order to compensate for these double passes. The combmat.on of lenses (2) and 
(3) forS an optical magnification stage (eg. an objective lens) which projects an image of die mput 
liayT front of lens (4). Lens (4) dien collimates die beams onto die first SLM (5) and feeds ^e 
sSals into die interconnect region. Likewise, lens (7) collimates die beams onto die second SLM (8) 
S feeds die signals to the demagnification stage fonned by the combmation of lenses (9) and (10). 

An ideal CGH is tvpicailv a spatial pattern of continuous phase and/or intensity modulation generated 
by some fixed or reconfigurable display device. In practice, processing limitations in producing CGh 
patterns and device limitations in displaying reconfigurable CGH patterns, mean tiiat practical CGHs 
are typically spatially sampled (eg. pixellated) and dien quantised to a discrete number of modulation 
levels The most common types of CGH provide phase-only modulation, and are often limited to binary 
phase capability (eg. O.ti). Because of die non-linear nature of the phase quamisation process, direct 
calculation of die optimum CGH pattern required to generate a particular pattern of replay is usually 
impossible, and dierefore heuristic iteration techniques such as simulated annealing or error diffiision 
have often been employed for hologram design. 

Iterative CGH design procedures provide a good balance between optimising die replay field generated 
by a CGH against some target field, whilst broadly minimising the unwanted noise in the replay. 
However die inherent randomness that is typically programmed into these algorithms also means that 
each calculadon cycle may create a CGH widi unique noise characteristics, le. die user must intervene 
at some stage to select die most appropriate hologram for his or her application. This 'hit and miss 
approach is not well suited to the use of CGHs for optical switches, where die background noise m the 
replay field must typically be well quantified in order to prevent crosstalk buildup widiin the system. 
This patent is dierefore concerned with a design procedure for CGH pattern sets diat is suitable for 
holographic optical switches. 
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fl • 1 • oo^^ri-atfrthv a CGHtvpicallY involves illuminating the CGH device 

^wing the diffraction replay image created by a J Fraunhofer far-field diffraction image at 

with coherent or partially-coherent light, and then is to illuminate the CGH 

Tome subsequent P'-e^The moj^^ p,^, of an infinite 

with collimated perpendicular 'S^^' ^"J^/,^^^™ scalar diffraction theory, the replay image is 
conjugate-ratio lens as shown in figure 17. Accoraing 2-dimensional Fourier 

related to the complex optical *^^ef J 1^^^ the light into a single W 

transfom. If the CGH is removed from *"^^yJ*'"f^J.^i„ i^ce, light is diffracted out of this spot 

field with as much optical power ° ^a,iZ^ by <lea.i»g . target field for the 

?irsrhp,sr«stn2Li:i^^^^ 

Target(x, yj^Six-Xp.y-Yp) 
. addition, .e locations -dintensi.. o^^^^^^^^ 

well quantified in order that the s_w.tch can be des gned^^^ ^^.^^^^ ^.^ ^^^jg^ . 

of the switch output ports - this "f^f ,^°^^^f Jb^e^^^^ the replay fields for all the CGH 
problem for holographic switches can be ^jons. The switch inputs and outputs 

Uenis that will be required to operate the switch m^^^^^^ ^^^^^^^ of 

Siust then placed in approp"«te positions to av^^^^ 

rrj:ssar»"£^^jj^^^^^^^^^ 

,„ .i„i„a.,. using ». -^Hf «r r 'aribSTtSr;:'^^^^^^ 

,„ optical switching: 1) it B dlfllcuh to "f"' Sive to calculate; 3) .he target output 
generated; 2) the CGH <l.s,gn ^'Ison'hms ?^™7^^^^'°t!^7L point arises because the target 

srinfara»'M%re;:r/etrp«^^^ 

CGH diign. the target peak may only be located on these grid points. 

This section describes a non-heuristic ^^qL^^^^^^^^^^ 

°^-e:hM=^^^^^^ 
fh^rchin^tirrrtj^r^^^^^^^^ 

Sfs Sod can be accurately quantified in tenns of noise intensity and location. 

Phase-only CGHs suitable for optica, switches are defined by a pixen.t^d ^^^^^^^^ 
cell is directly calculated from the coordinates ^^^^^''^J^P'f'^ 1^%^ ^^e final CGH, the base-cell 
constructed using a rapid Phase-quantisauon PJ-f,"^7^„^^^^^^^ until the entire aperture of 

pattern is tiled or replicated m the (;^'>') P' ^^^^^^^^ the design of the hologram 

the device is filled. Therefore contrary to °^her CGH design p^^^^ . 6 

pattern does not directly relate to the 7°'"^>°" number of tim^s in the x and y 

typically tiled a non-integer number CGH replay mode location is 

rrS^tXltir^t: nuT^^^^^^^ -ywhere within the addresssab.e 
region of the CGH replay plane in a quasi-continuous manner. 
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Tilthermore the design of the base-cell pattern is optimised to maximise the power in a single peak 
(henceforth called the -principal mode') of the CGH replay field. The precise location of this peak 
relative to the zero-order location is used to uniquely defme the base-cell design of the hologram 
according to a deterministic algorithm. Furthermore, the noise properties of the replay field generated 
by the CGH can typically be described analytically in tenns of a summation of regularly spaced peaks 
(henceforth called modes). Given the direct correspondence between base-cell pattern, prmcipal mode 
location and noise field, it is then a relatively simple matter to construct procedures to design CGH sets 
for holographic switches. The speed of CGH generation, and the predictable harmonic structure of the 
replay fieiC makcF thi? invention hi?h!y relevant to the desicn of holographic switches. 

The hologram base cell pattern is calculated from the nomialised angular deviation that the CGH is 
required to impart upon a collimated paraxial beam of light incident upon the hologram pattern. Thus if 
e & e are the (small-angle) optical diffraction angles of rotation that the CGH is to introduce about 
the y and x axes respectively then two dimensionless parameters (n^Q that descnbe the pnncipal 
replay mode coordinate for the desired hologram can be defined by: 



where X is the wavelength of light incident upon the CGH, 

P is the pixel pitch of the CGH display device (along x & axial directions). 
Alternatively (y\p,C^) may be defined in terms of the physical coordinate of the principal replay spot 
relative to the zero-order location: 

where (,Xp,Yp) is the target principal mode location for the hologram, 

/is the focal length of the lens used to form the far-field diffraction image. 

In order to calculate the base-cell pattern that will route light to according to equations (38) & (39), the 
normalised target coordinate (ti^.^) for the principal mode should be written as rational numbers: 

where N^, Ny, and Dy are integers. 

However according to normal CGH diffraction theory, there is an upper limit on the maximum useful 
diffraction angle that may be generated by a pixellated hologram pattern. In terms of the normalised 
tareel coordinaies {tx,,C^\ the principal replay mode can only be located within a square region 
bounded by the comers (^,5,-0.5) to (+0.5,+0.5) inclusively, where (0,0) represents the zero-order 
location. The 4 integers that describe the hologram base-cell must therefore satisfy: 

^\D.<.N.<\D. -\D.<'Ny<kDy \<D^<R^ \<D^<R^ (41) 

where (/?,,/?,.) is the resolution (in number of pixels) of the hologram display device. 

For cases where the normalised target coordinate of the principal mode cannot precisely be written as 
rational fractions, then coordinate {r\p,C^) should be rounded until it does satisfy equations (40) & (41). 
However it can immediately be seen that there is considerable advantage associated w|th this invention 
compared to prior art methods of hologram generation. For example, if /?,=/?^=25 pixels, then 
simulated annealing provides a grid of only 625 locations where the target principal mode can be 
located. In contrast, the invention provides a potential capability of 10,000 target locations. When 
/^^=^^=100 then the advantage is even more convincing - 10,000 locations vs. 2,316,484. 

D, and Dy specify the size (number of pixels) of the base-cell pattern required to define the hologram. 
In general, the smaller the values of D;^ and Dy, the more robust the hologram will be against any image 
errors within the hologram device, and the cleaner the replay field generated, ie. fewer noise peaks will 
be present in the replay. The rational fractions of equation (40) must be simplified to their lowest 
denominator forms, or the procedure for generating the base-cell pattern will produce incorrect results, 
le. must not be an integer multiple ofN^^ and Dy must not be an integer multiple ofNy, 
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rhe unique base-cell pattern for routing light to coordinate (rj^,Q is now calculated in 2 steps. Firstly, 
a spatially-sampled phase-screen ^ is defined in terms of the above rational fractions. This phase- 
screen contains (D, x D^) sample points which correspond to the pixels of the base-cell pattern. A 
typical phase-screen is shown graphically in figure 18. 




where 



Ux Lfy 

0,],? ... ]). and /= 0,L2 . .. (D,- 1). 



(42) 



In the second step, the phase-screen is phase-quantised to the same number of discrete, uniformly 
distributed phase-levels, y, that are supported by the device that the hologram will be displayed on: 



(43) 



<p , (*, /) = exp(27tj X /«r{<|)(^,/) X v|/}/\|/) 

where Cps(^»0 is the final sampled and quantised representation of the 
base-cell pattern for the target hologram device, 
& j is the complex operator (-1 )'^', 

t- fxpf...) if the. expoiientiEl operator, 

& z>7/ { . . . } is a quantisation runciion thai rounds iis argiinieni ic tht 
nearest integer towards minus infmity. 

Table 2 below gives some design examples of base-cell hologram images for binary-phase and quad- 
phase devices. Here the base-cell patterns are expressed in terms of the relative phase-angle that the 
hologram display device must impart at each pixel. These phase angles are defined as: 



(44) 









CGH Base-Cell Design, arg{is?^{kj)) 








Ti^=0.5, Q,=0.5 




r|^=0.375, 


= - 0,25 


ie. (3/8,-1/4) 










0 


71 


0 


0 


71 


0 


7C 


n 


Binary-phase (y = 2) 




0 


7t 


7t 


0 


7t 


0 


0 


71 


0 


0 


7C 


7t 


0 


71 


71 


0 


71 


0 


0 








0 


0 


71 


0 


7t 




0 


71 








7t/2 


71 


0 


nil 


3ri/2 


0 


71 


371/2 


Quad-phase (v|/ = 4) 


71 


0 


71 


371/2 


nil 


71 


0 


71/2 


371/2 


0 


0 




371/2 


0 


71 


371/2 


71/2 


71 


0 


ntl 








0 


nfl 


37t/2 


0 


7C 


371/2 


nil 


71 



Table 2 - Examples of base-cell hologram designs. 

Note that the binary-phase representation of the r|^=^=0.5 hologram provides optimum diffraction 
efficiency, and there is no change in the base-cell pattern for devices with quad-phase modulation 
capability. In contrast, the CGH design procedure takes ftill advantage of the better quad-phase device 
in the second example where ri^=0.375 and (^=-025. 

To form the final hologram image on the display device, the base-cell pattern must be tiled to fill the 
entire available hologram aperture. This replication will typically occur a non-integer number of times, 
and generally a different number of times in the x and directions, figure 19. 

Fourier theory predicts that a non-integer number of replications of the base-cell will typically cause a 
phenomenon known as 'spectral leakage,' whereby a distortion of the spectral domain (ie. the replay 
field) occurs unless a 'windowing' ftmction is employed. According to this invention, the holograms 
generated must therefore not be illuminated by plane waves, but must be illuminated by beams 
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.^...i^iting apodisation. This apodisation provides the required windowing function and ensures that the 
replays of the base-cell and of the final hologram image correspond. 

One example of a suitable apodisation function is the TEMoo Gaussian mode profile. This is the 
fundamental optical profile emitted by most lasers, waveguides and cleaved fibres. A circularly 
symmetric TEMoo Gaussian intensity profile is usually defined in tenns of a beam radius, w, as follows: 

f + (45) 

E^(x.,y)= exp<! j—\ 

[ J 

If this Gaussian field is incident upon a hologram device having a total optical aperture of ^, then a 
useful measure of the effect of the windowing fiinction can be gauged from the parameter y, where: 

(46) 



^=7 



Empirically, it is found that values of y«3 and above provide adequate Gaussian apodisation. This 
cTussian apodisation meets the windowing function requirement that the optical field intensity must 

°n/to "ar?. zerc ai the edper of the hologram device aperUire. Other optical profiles may also be 

employed provided this condition is mei. 

Provided the apodisation fiinction is appropriate, then the location of the principal mode generated by 
S,rcomp"ite tiled hologram will be the same as the location of the prmcipal mode that was used to 
JesiSTe base-cell pattern, subject to any limitations of scalar diffraction theory. In the case of 
GauSan apodisation, it is empirically found that approximately 2 complete replications of the base- 
cen pattern should be present in die fmal hologram image in order to produce a reliable replay image. 
However provided this constraint is observed, then the replay spots have profiles determmed by tiie 
apodiS function, but the spot locations generated by the apodised CGH are the same as predicted 
by analysis of the base-cell pattern alone. 

Holograms designed according to the steps outlined above typically exhibit a regularly spaced array of 
noise peaks in their replay images. In terms of noimalised coordinates, if the principal mode is located 
at a position denoted by the fraction NID, then noise modes may also arise at firactional locations nID 
where n is any integer between minus infinity and plus infinity such that However not all 

indicated fractional locations may acttially exhibit noise. The presence or absence of a particular noise 
mode in die hologram replay can be predicted by examining the Fourier senes for die base-cell pattern, 
ie. the presence or absence of specific harmonics in the Fourier series reveals the presence or absence 
of die corresponding noise modes in the final hologram replay. 

Binary-phase holograms are particularly important because they may be displayed on reconflgurable 
hologram display devices such as ferroelectric liquid-crystal spatial-light-modulators (FLC-SLMs), see 
ref [12] for example. The basic modal structure for a binary-phase hologram replay image can be 
derived analytically from the target peak position coordinates (vQ.) "sing Fourier theory. If D is 
calculated as the lowest common multiple of £>, and Dy given in equation (40), then the positions and 
relative intensities of the replay modes are given by: 



If D is an even integer: 



DI2 



m=l ps=— ao^=— CO 



' xb{p + r]-i2m+\)r]p,q + C,-i2m+l)C,p) 



If £) is an odd integer: 

£) 00 CO j Q 5 

m=l p=-a>q=-m 



• ({2m+\)\\ ^ 



S(p + r] - (2m+l)Tlp , 9 + C - (2'«+0^ p ) 

(47 
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9l f „ FWn n is an intensity envelope function calculated as the optical diffraction image of a 

where x is a pixel "f.ll-factor" term defined as the ratio of the pixel aperture that modulates light 
divided by the pixel separation. 

Equation onlv include. ,he .ode location, and si.naVnc^^^^ eTet 
shlp.ng or broadening eflectscause^^^ J^^, 
generally requires a full diffraction derived from the base-cell 

relatively simple modal -P--"^"°" f of more than 2 phase-levels) 

KuXadS"u~^^^^^ ^'^-''^ 
time required to design hologram sets for optical switches. 

rru nottpm desiened according to the above procedure is used 
m a first embodiment, a reconfigurable ,»ttem des^^^ 8 

. as an adaptive optical element ^^'^-Z^^^^;,;"^ m.^inltelcGH display, a Fourier replay 

receive, or dciector. m tni=. case the system hoiogratr. replay image. A 

lens and an output pon or pons which ^ '^f^^^^ "'/"^ 

hologram or set of holograms are then "^^^J^^^^^^^ output port in the presence 

mode) into the output port, or m order to '"^"^loiSh as vSi^ti^^^ or thermally induced strains, 
of system alignment errors or mechanica perwrb^ons such as yibraj^^ns <) J.^ ^^^^ 

as applications where the output receiver is a smgle-mode optical fibre, 
in a second embodiment, an a.ay of optical --/^f^^^^^^^ 

hologram and the principal mode (or other [^P^y '""^^^ Svke such as a single-mode fibre 

the individual positions of the array ^'-J-^"^^*';^^^^^^^ return signa! in each fibre 

:rut^L';:::;;^'U^^^^^^^^ -SforofTarray elements In this way, it is possible to 

Ss" S?aUgmnent errors or defects in the locations of the array elements. 

rd:sre^treS^^^^^^^ 

receiver or detector. 

or mors, or otherwise to alter the distribution of optical power within the replay image. 

in a fifth embodiment, the shift-invariant nature of the CGH image is utilised in order to change or 

p^yS^ A S. se, of hologram p.«=ms can also be caloulatrf such that when *«y ""J'^J'^^ 

but where it may be desirable to maintain a constant replay image. 
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TrJriDle hologram update scheme is to scroll the hologram pattern (in either 1- or 2-dimens.onsas 
IZoorVateracross the display device by one or more pixels at a time and at regular mtervals^ The 
eJX ?f frames ty^ -^en the shifted base-cell pattern used to generate each frame 

ractlv co^cVdeTwith a tiled veJiion of the base-cell used to generate the first frame, .e. the hologram 
ra^hmed by an integer number of base-cell lengths. Figure 20(a) demonstrates a frame sequence for a 
Jfnat Dhase ho"ogram device with 7 pixels displaying a (0.25.0) hologram. In this figure, the base-cell 
^rem shifts rSards by 1 pixel between each frame and the next. Note that each column of the 
l^ZcelTti:Lt^mplc achieves an equal overall amount time in each phase state. 

r»|^mport^^ 

P^^.re 20fK shCs a pmtial sequence of the extra frames that could be inserted into the sequence of 
2S in o?der t^^^^^^^^^ ""'"ber of pixels that change at a time In tiiis example, only ! pixel 

SInlls at a time in order to evolve frame #1 of 20(a) into frame #2. Usmg the sequence of figure 
.S^the e mav b some distortion of the replay image due to the imperfect intennediate ho og^m 

flSf ; Intro^-cec. Ho^-ev,:. .c.ch d.«.onior. mey be minimised by careful cno.ce of the fr.mr 
sequence. 

phase-offset method with frame shiftmg. 

m a sixth embodiment, holograms designed according to the invention or according to any of the 
embodimenTabo^ ar^ used to construct an optical switch. Optical switches are emerging as an 
imnortrt S:aS Technology for optical networks. Holographic optical switches that use 
rrn^rurabU CGHs o route beams of light in free-space between arrays of optical inputs and arrays 
of o^S o^L?^^^^^^ important p^'erformance advantages compared to competmg technologies 

LcTS sca"Sty and high signal to noise margins. A ^^^^ ^^^jr'^y^'Z^ '^f'^^^^ 
"Polarisation insensitive operation of ferroelectric liquid crystal devices , S.T. Warr and R.J. Mears. 
EbcSs Letters 31:9(1995) p.714-715 and an MxM switch has also been described. 

UP until the present time, the complexity of hologram design algorisms, the 1™!*^^ 'reso^^^^^^^^^ 
aN^airab le n the CGH replav f.eld. and the full scalar-wave diffraction theory required to analyse the 
epl y m'ges ^^^^ impossible to design holographic switches with large numbers of .npms anc 

outputs nlwever. the current invention provides much better prospects for designmg these large 
holographic switches. 

According to "Polarisation insensitive operation of ferroelectric liquid crystal devices" S.T. Warr and 
R J Meare Electronics Letters 31:9(1995) p.714-715. a IxM switch comprises an input signal which is 
coliimated'to illuminate a reconfigurable CGH; a Fourier lens to form the replay image; and an array of 
omical outputs The array of outputs are placed in the replay plane of the hologram and various CGH 
rmaoe a^e displayed in order to route the input signal to one or more of the output ports. The IxM 
Switch therefore requires a set of at least M different hologram images so that the input signal may be 
routed to each of the output ports. The switch must be designed in such a way that the outputs coincide 
with the locations of the principal replay modes of the hologram set. but also m such a way that the 
noise modes generated by any hologram in this set never gives rise to a significant output signal. The 
challenge then is to design a set of "orthogonal" holograms suitable for providing the sw.tchmg 
function without introducing crosstalk. 

Thus the design of a set of holograms to implement a IxM switch is reduced to the problem of 
deterinining a set of M fractions defined by equation (40) which represent both the CGH patterns 
required to operate the switch, as well as the proper locations for the output ports as given by equation 
(39). Typically there are a number of constraints which must be satisfied by the chosen set of fractions, 
including but not limited to: 
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• 




• there may be some limit to the minimum allowable physical distance between any pair of output 
ports related to the physical dimensions (or other property) of these ports, 

• there may be some finite number of CGH pixels available which places a limit on the set of fractions 
that can be considered during the design procedure according to equation (41), 

. there mav be some maximum allowable variation of optical insertion loss through the switch as it is 
configured between ihe various outputs. Because ihr opiiccil power diffracted into the principal 
replay mode generally declines with increased angular deflection, this constrami may deiermme the 
largest fraction that can be considered in the design, 

• there may be some time-limit allocated to complete the design, and therefore less useful fractions 
such as those with large denominators (which exhibit a greater number of noise modes) may be 
automatically excluded from the design process, 

. there may be additional constraints introduced by the CGH display device, such as the automatic 

' prodiiction of a iarpe zero-order spot, which may influence the final choice t)f fractions, 

• there may be some crosstalk specification for the switch which determines how close any noise 
mode generated by any hologram in the set may be located relative to one of the output ports. 

The set of fractions determines both the positions of the output ports and the positions of the noise 
modes relative to these outputs. In order to minimise crosstalk, the design procedure must therefore be 
iterative Thus the search for a suitable set of fractions for the IxM switch given the above constraints 
can be solved using a goal-search procedure such as any one of a number of well-knovm heuristic 
algorithms (examples include recursive ftinctions and tree-searches). In this case, a simple analytical 
expression for the location and intensity of the noise modes such as given by equation (47) for binary- 
phase devices, can greatly reduce the calculation time required to design the hologram set. 

A similar approach can also be employed to design MxM switches. An MxM switch comprises an 
array of optical input signals; an array of reconfigurable CGHs displayed on a first hologram device; a 
free-space interconnect region; an array of reconfigurable CGHs displayed on a second hologram 
device; and an array of optical outputs. The input signals are collimated to illummate the array of 
CGHs on the first device, are deflected by the hologram images on this device and then propagate 
across the interconnect region where they are allowed to spatially reorder. The second array of CGHs 
then deflects the signals into the output ports. In order to route any input to any output, the optical 
signal must be deflected through some angle at the first CGH device, and then typically through an 
equal and opposite angle at the second CGH device. 

For design of an MxM switch, the input port locations may be represented in normalised coordinates by 
(r\,,CJ) and the output port locations by (ti„,CO. The holograms required to route an input to an output 
according to the invention are therefore (Ti,-ri/ , ^-,0) and (ti -ti„ , Cr-,^ displayed in the correct 
array positions upon the first and second hologram devices respectively. In addition, the first hologram 
generates a set of noise modes which propagate in different directions and arrive at the second device 
in various spatial locations. The second hologram also has a set of noise modes which allow different 
optical propagation directions to reach the output port. Thus for each of the M different connection 
paths between an input port and an output port, the noise modes generated by the 2 hologram devices 
must be checked that they do not give rise to an unacceptable crosstalk signal in any of the other output 
ports. 

Thus even using a simplified expression for the noise modes such as equation (47), the iterative 
placement of input and output ports for an MxM switch is a formidable task. However in many 
applications it is desirable for the input and output ports to be arranged on a regular grid, eg. Tir=Ti„=V,3, 
V,3, V,3 etc. Unfortunately, the noise modes generated by the holograms required to interconnect ports 
arranged in a regular fashion tend to route noise straight into other output ports, thereby leading to 
severe crosstalk problems. The solution disclosed here is to choose a denominator for the fractional 
locations of the input and output ports which is divisible by 2,3,4, etc. such that the noise mode 
distribution is more favourable. An example of a 32x32 switch configuration which exhibits very high 
signal-to-noise margins by using a dnominator of 60 (=3x4x5) is given below. 
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Input Port Locations 

(n.-,C) 


Output Port Locations 


(-'/6o,-'/n) 


(+'/«,, -V,2) 


(-'/30,-'/,2) 


(+'/30,-'/,2) 


(-'/20,-'/,2) 


(+'/20.-'/,2) 


{- 'W ! " Mi/ 


(- .- - '!;; 


(-'/30.-'/,5) 


(+'/30,-'/,3) 


(-'/20.-'/,5) 


(+720 . -V.s) 


(—^60 5 ~*/2o) 


(+'/60 . -'/20) 




(+'/30,-'/2o) 


(— */20 » — '/20) 


(+'/20 , -'/20) 


(— '/eo 9 ~ /30) 


(+'/«,, -'/30) 


(-'/30 , -'/30) 


(+'/30.-V30) 


_ _(-_;/:... _._-_'/?o) 


(+'/jo,-'/,o) 


^/bU ) ~ ''60) 


(— /3O s ~ ^60) 


(+'/30,-'/60) 


(— V20 9 ~~^^60) 


(+'/20, -'/«,) 


(-'/so , 0) 


(+'/60 , 0) 


(-'/30 , 0) 


(+'/30 , 0) 


(-V20 , 0) 


(+V20 , 0) 


(— V^o 1 "^'/6o) 


(+'/«, . +'/60) 


(— V30 5 "^V^o) 


(+'/30 , +'/«,) 


(— V20 > "^^^Go) 


(+'/20 , +'/60) 




(+'/«, , +V30) 


(^'/30 J "'"'/jo) 


(+'/30 . +'/3o) 


(— V20 J ''''/30) 


(+V20,+'/30) 


(— '/eo 5 ■^'/2o) 


(+'/«,, +'/2o) 


(~ /30 > /20) 


(+'/30 . +'/2o) 


(-V20 , +'/2o) 


(+'/20 , +'/20) 


(-'/60 , +V,5) 


(+'/«,, +7,5) 


(-V30 , +'/„) 


(+'/30 , +'/,5) 


(-'Ao..+'/,5) 


(+'/jo. +'/,.) 


(-'/so , +V,2) 


(+'/«,, +'/,2) 


(-'/30 , +'/,2) 


(+'/jo.+'/,j) 



7a^/e J - Input and output port locations for a 32x32 switch. 



alternative technique usable in the invention employs a Fourier Series 'picture' of a 
beam-steering switch. 

The physics is a 2-D version of X-ray diffraction from a crystalline lattice of atoms, so the 
same notation and analysis methods can be used. 

The input to the SLM is the far-field from the fibre or input waveguide, call this Fib(x,y). 

The SLM is treated as an infmite, periodic, phase-moduiaiion, Ph(x,y, A ), 01 period A, 
multiplied by a top-hat function, Top(x,y), representing the finite extent of the SLM. 
Hence the electric field just after phase modulation = Fib(x,y) • Ph(x,y, A) • Top (x,y) 

= (Fib(x,y) • Top(x,y) ) • Ph(x,y, A) 

where the • represents multiplication. 

The output from the switch is the FT (Fourier Transform) of the electric field just after phase 
modulation = FT(Fib(x,y) « Top(x,y) ) * FT 

(Ph(x,y, A)) 

where the * symbol represents convolution. 

Now, because the phase modulation Ph(x,y, A) is periodic and of infinite extent, the FT is an 
infinite set of delta ftinctions of separation in ksinG space of 27c/A, centred on the origin 

FT(PHx,y,A)= f; I; pJsin0;,-j^,sm0y-^ 

/=-co y=-oo ^ A' 

where X is the optical wavelength, 0x is the beam-steering angle from the x-axis, measured in 
the x-z plane, 0y is the beam-steering angle from the y-axis, measured in the y-z plane. In its 
most general form A can be represented as a vector: Ax and Ay are the x and y components of 
the period vector A. 

Due to the periodicity of the phase modulation we can use Fourier series to calculate the 
amplitude, pj^j , of each of these delta functions: the answer is exact, assuming diffraction in 
the Fraunhofer limit. For large beam-steering angles the Fresnel obliquity factor ( (l-fcos0)/2 
) should be included, but SLM pixels are not small enough for this to be relevant. This 
obliquity factor (which arises from the electromagnetic scattering properties of a Hertzian 
dipole) is the only fundamental reason for a maximum beam-sieering efficiency that 
decreases with beam-steering angle. 

Let the optical system be such that a beam-steering angle 9 is converted to a transverse 
position, L tan9. Assuming sinGs^tanG we then have a set of delta functions at output positions 
(u,v) given by: 

iLA 




Ay 



The net output is the above, convolved with the FT(Fib(x,y) • Top(x,y) ): call this g(u,v), or 
in words, the output 'spot'. Hence what we get is g(u,v) (the output spot) replicated all over 
the output plane witli an amplitude (and phase) depending on the value of tlie Fourier 
coefficients of the periodic phase modulation: 



Ay 



A transverse translation of the phase modulation Ph(x,y, A) changes the phase of the Fourier 
coefficients py , and hence the phase of the output spots, but not their amplitude. As long as 
the separation of the delta functions is greater than the significant extent (in transverse width) 
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^^^the output spots, each spot can be considered independent, and hence the coupling 
efficiency into the output fibre or waveguide is not affected by transverse translation of the 
phase modulation. This result, therefore, does not depend on apodisation of the 'aperture* due 
to the Gaussian nature of the beam incident on the hologram, it is chiefly a function of the 
relative value of the period, A, compared to the hologram width. 

To design a switch using beam-steering, the general objective is to position a set of output 
fibres or waveguides so that for each configuration of the SLM, the selected output fibre or 

waveguide will receive ONE of ihese repiicaiions of g(iuv) (one of th^ ompin spois), imc \c 
minimise (or keep below a set threshold) the power coupled from any other (unwanted) 
replication of g(u,v) into any other output fibre or waveguide. 

A method has been previously presented (M J Holmes et al "Low crosstalk devices for 
wavelength routed networks" lEE Colloquium, June 8*, 1995) so that the unwanted output 
spots will never couple perfectly (i.e. in perfect alignment) into any other waveguide or 
output fibre. The method in the paper was for a 1:N beam-steering switch with output into a 
non-regular 2-D array of output fibres or waveguides. The new method in this patent is:- 

(i) a special case of tin eariie: meihoc: ailowirQ beanvsieerinp intc a reguia! arrsy 
output fibres or waveguides. It is this regularity of the output fibre spacing that allows the 
crosstalk suppression method to be further applied to an N:N switch. 

(ii) an extension of the earlier method in that it is recognised that even diffraction orders tend 
to be very weakly generated, particularly when the period of the phase modulation is an even 
number of pixels. This increases the number of allowable periods. 
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FIGURE 4 



(5) Interconnect region 
@ Hologram device 
(11) Hologram device 



3/11 




FIGURE 6 
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FIGURE 8 
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Figure 10- Propagation of two orthogonal components 
into a uniaxial medium. 
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field through the double-pass system 
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Figure 12- Jones matrix analysis of the system 
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Figure 13 - Element of an active matrix SLM with 
integrated quarter-wave plate 
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Figure 15 - An overview of the silicon backplane layout 
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FIGURE 16 
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FIGURE 18 
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FIGURE 19 
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